Introduction
The analysis of strong motion recordings of large earthquakes has changed dramatically in the last ten years. Where previous large earthquakes were recorded by only a handful of accelerographs, the 1989 Loma Prieta, the 1994 Northridge, and the 1995 Kobe earthquakes each yielded more than 100 strong motion records in the near and intermediate field. As a consequence, the source models for these earthquakes better resolve both the rupture growth and the slip distribution at depth.
These extensive data sets and refined source models have in turn impelled an important evolution in regressions of strong motion data. Somerville et al. (1997) , hereafter referred to as SSGA, recently included directivity in a comprehensive regression of velocity response spectra from twenty-one large strike-slip and dip-slip earthquakes. They regressed for directivity as a function of period, couching their results as residuals to the regression performed by Abrahamson and Silva (1997) , hereafter referred to as AS. They found that directivity increases with period from 7 = 0.75 to 5s and is stronger for strike-slip earthquakes than for dip-slip earthquakes. They found no directivity at shorter periods for these earthquakes.
In this research, we analyze the velocity response spectra from a single earthquake, the 1989 Loma Prieta earthquake, instead of the extensive sets of earthquakes that AS and SSGA consider. We compare two different regressions, the first emulating the SSGA regression and the second using rms measures for source-receiver distance and directivity derived from a dynamic model of the rupture process. By regressing the response spectra using these two different approaches, we can both test the interevent variability of the SSGA results and consider the dynamic implications of the SSGA directivity model.
Strong Motion Recordings of the 1989 Loma Prieta Earthquake
We have compiled the strong motion data written by the 1989 Loma Prieta earthquake. Because our regression is specific to this one earthquake, we sought to include as many recordings as possible in the regression. We evaluated recordings obtained from the basements of large buildings on a station by station basis, discarding records that appeared to be contaminated by building response. There were 119 accelerograms in the data set that we originally collected: 24 of the accelerograms obtained from buildings were discarded, either because of an apparent building response or because the building was taller than 4 stories. Two building records were retained from 3-story buildings: the VMP record from the Menlo Park VA Hospital and the PJH record from a Junior High School in Piedmont. 13 accelerograms were retained from 2-story buildings.
The stations were grouped into four separate site classes, characterized by the average shear wave velocity in the upper 30 m. These site classes are almost identical to the 1997 NEHRP site classes. Site class B has shear-wave velocities of ft > 750 m/s and corresponds to competent rock, site class C has shear-wave velocities of 350 < ft < 750 m/s and corresponds to soft rock and gravely soils, site class D has shear-wave velocities of 200 < f3 < 350 m/s and corresponds to deep stiff soils, while site class E has shear-wave velocities of j8 < 200 m/s and corresponds to soft soil, generally Holocene bay mud. The 200 m/s boundary between site class D and E is slightly higher than the 175 m/s NEHRP boundary, leaving both the EMV station in Emeryville and the NAS station in the Alameda Naval Air Station in site class E.
The map of the stations whose records were analyzed is shown in Figure 1 . The stations extend 90 and 130 km to the southeast and northwest, respectively, along-strike from the earthquake, and about 70 km normal to the fault. This station distribution is nearly optimal for resolving directivity: the relative lack of stations to the southwest of the fault, on the Pacific plate, is compensated by an abundance of stations to the northeast. The station list compiled in Table 1 includes the station name, location, building type, site-class, and the average shear-wave velocity in the upper 30 m. Most of these velocities are obtained by drilling boreholes and logging shear-waves down-hole; the *'s indicate stations where the shear-wave velocity is estimated from boreholes in similar geologic units.
Distance and Directivity from a Finite Fault
Regressions of strong motion data require measures of the sourcereceiver distance and directivity that are appropriate to the ground motion parameter analyzed. In this work, we regress velocity response spectral ordinates. We derive appropriate measures of distance and directivity by considering Boatwright's (1982) model for the acceleration amplitude spectrum of far-field S-waves. Madariaga (1977) analyzed the waves radiated by rupture fronts that abruptly change velocity. Boatwright (1982) extended this analysis to model the far-field acceleration amplitude spectra radiated by a subevent or a set of subevents within an earthquake. He showed that the highfrequency acceleration spectral level scales as where r is the hypocentral distance, Ad is the dynamic stress drop, and Z is the rupture area. The function
is the Ben-Menahem (1970) directivity function, which depends on the ratio of the rupture velocity v to the S-wave velocity ft, and the angle $ between the rupture direction and the takeoff direction of the S-wave. To obtain equation (1), we disregard the azimuthal variations of both the S-wave radiation pattern and the diffraction effects discussed by Boatwright (1982) , and presume that the far-field term dominates the radiated acceleration, even in the near-field.
Because the phase shifts between the acceleration pulses radiated by different parts of the rupture area are effectively random, the contributions to the acceleration amplitude spectra, or equivalently, the velocity response spectra, should be summed incoherently, that is, by summing the radiated power spectra (see Lee, 1964, p. 240-244) . We write this incoherent summation as the integral
/ and assume that the dynamic stress drop is approximately constant over the rupture area Z .
Most ground motion regressions use the least distance from the receiver to the rupture area rmin (Sadigh et al., 1993) , or the least distance from the receiver to the surface projection of the rupture area xmin (Boore et al., 1997) . These definitions of source-receiver distance imply that the seismic source acts as though it were concentrated at the closest point of the rupture area to the receiver. AS introduce a hyperdepth, h, in their definition of the source-receiver distance, .2 min 1/2 and obtain 3.5 < h < 5.6 in their regressions of horizontal response spectral ordinates from 5 to 0.05 s.
In contrast, the integral in equation (3) suggests that an appropriate source-receiver distance can be calculated from the integral of Mr over the rupture area Z,
This measure of source-receiver distance from a finite fault is the inverse of the rms inverse distance to the rupture area. We will write it formally as (l/r)~ but refer to it informally as the rms distance. Figure 2 plots the least distance to the rupture area against the rms distance for the 95 stations in the Loma Prieta data set. The upper limit of the plotted points corresponds to the stations close to the fault normal while the lower limit corresponds to the stations along the fault strike. The critical difference occurs at small distances, where (l/r)~ approaches 10 km as rmin approaches 0 and rAS approaches h. We used a hyperdepth of h = 3.5 to compare these two measures.
We consider two different measures of directivity. SSGA key their measure of directivity to the function cost^, where t^ is the angle between the horizontal takeoff angle from the hypocenter to the receiver and the fault strike. To accommodate faults that rupture asymmetrically, they multiply costf/^ by X = s/L, where s is the distance along strike from the hypocenter to the receiver (less than or equal to the fault extent in that direction) and L is the total fault length, yielding
as their measure of directivity. For a unilateral fault, Xcos &h = 0 in the "back" half of the focal sphere and increases to Xcostfy, =1 along the fault strike in the direction of rupture. For a bilateral fault, Xcos #/, = 0 only on the fault normal and increases to Xcos^ =0.5 in both directions along the fault strike.
The integral for the acceleration power spectrum suggests a different approach. We calculate the rms directivity function as r ,*,..,« â ssuming that the rupture velocity is a constant fraction of the S-wave velocity, v/ft. Both the shape and the amplitude of the directivity function are determined by the rupture velocity. Evaluating this integral requires that we specify the rupture direction and takeoff angle everywhere on the rupture area: we use the direction from the hypocenter to the incremental fault area d^L and a layered velocity structure to "bend" the vertical takeoff angle.
Taken together, these measures of rms distance and directivity reduce the integral for the acceleration amplitude spectral level to (8) which is readily linearized by taking logarithms. We note that this decomposition is not unique: other choices for either the source-receiver distance or directivity are possible. The decomposition obtained through equations (5) and (7) is relatively simple, however, in that the rupture propagation affects only the (D(v/ft)) term.
To compare this measure of directivity with the Xcos^ function used by SSGA, we set (D(vlfi)} equal to the Ben-Menahem (1970) directivity function and solve for the corresponding value of cos $, which we write as (9) Although (cos $) depends on the assumed rupture velocity, the term in parenthesis makes this dependence weaker than v"1 . Figure 3 plots Xcostf/, against (cost?) for the 95 stations in the Loma Prieta data set. Because the earthquake rupture was almost exactly bilateral, Xcos^<0.51: in contrast, (cos $)< 0.81. The greatest variation between these two measures occurs for stations near the rupture area: the Xcos tih measure considers only the horizontal component of rupture while the (cos $) measure incorporates the 2D aspect of the faulting process. We do not consider the Ycoscp^ measure of updip directivity that SSGA incorporate in their regression.
Regression Results
We run two different regressions on the Loma Prieta data: both regressions incorporate directivity. The first regression approximates the scheme used by AS, as extended to include directivity by SSGA. We fit the logarithms of the velocity response spectral ordinates Rjf for the station j independently at each period / as
regressing for the average source excitation, Q,; the geometrical spreading exponent, y,; the relative amplification, <5^, of the kth site-class, and the directivity factor, D/. Here rA5y is the AS distance to station y, k(j) is the site-class for station j, and (Xcos &h ). is the directivity measure.
The regression is demonstrated in Figures 4a-4c , using the response spectral ordinates at 3.0 s as an example. The spectral ordinates at this period had the strongest directivity in the data set. Figure 4a plots the spectral ordinates as a function of distance, gathered by site class. Figure  4b plots the spectral ordinates as a function of distance, corrected for site-class and directivity. Finally, Figure 4c plots the spectral ordinates as a function of source-receiver azimuth, corrected for distance and siteclass.
The regression results are compiled as functions of period in Figures 5-7, which show yf/ Dif and 8ki , respectively. The estimates of y, at periods less than 1 Hz are about 0.2 lower than the estimates obtained by AS from their regression of 58 earthquakes. The sag in y; estimates at 0.75 and 1 s may reflect the "Moho bounce" observed in the Loma Prieta data at distances around 100 km northwest from the epicenter (Somerville et al., 1990) . A significant amplification at this distance would decrease the apparent attenuation. At longer periods, the estimates of Yi approximate the estimates obtained by AS, although there is some variability above 5 s.
The directivity factors D, are plotted in Figure 6 : the factors at periods less than 3 s are slightly larger than the directivity factors obtained by SSGA, but they clearly behave similarly as a function of period. At periods longer than 3 s, the directivity factors decrease abruptly. These results indicate that directivity depends strongly on period but suggest that the period at which the directivity is strongest may be different for each earthquake. Because the directivity is modeled as Dt cos * and (Xcos$h )j <0.5 for a perfectly bilateral fault, the regressed directivity factors Dt are the square of the azimuthal amplification (alongstrike/ fault-normal) observed in the data.
Because all of the more distant stations ( rAS > 70 km) are situated along strike, the directivity trades off with the attenuation. To illustrate this tradeoff, we repeat the regression of the Loma Prieta response spectra, constraining the attenuation at each period to equal the attenuation obtained by AS and plotted as triangles in Figure 5 . The resulting directivity factors are plotted as diamonds in Figure 6 . Differences of dYi =±0.1 yield variations of ±20% in D^/2, so that the directivity is increased.
The amplifications relative to site class C are plotted together in Figure 7 . These results are marked by relatively low amplitudes for site class B, the stations on competent rock, at all periods, and by the large amplitudes for site class E, the stations on Holocene bay mud, for T = 0.5 to 3 s. Site class E is amplified by factors of 3-4 over site class B at these periods. The consistent deamplification (8Bi ~ 0.7) of site-class B relative to site-class C at all periods is somewhat surprising.
The second regression uses the rms measures of source-receiver distance and directivity derived in the last section to fit
for the average source excitation, Qf ; the geometrical spreading exponent, y; ; the relative amplifications, 5 fa, and the rupture velocity, (v/j3). This regression is computationally similar to the regression in equation (10), except that we solve iteratively for (v/fi) using a Taylor Series expansion with the derivative
and the positivity constraint
The results from the second regression strongly resemble the results from the first regression. The relative amplitudes for the different site classes are almost identical: we have not plotted the relative amplifications from the second regression. The second regression fits the velocity response spectral ordinates slightly better, by about one part in 100.
The largest differences between the two regressions occur in the estimates of Yi- Figure 8 shows that the y/s from the second regression are much closer to the y/s obtained by AS from the larger set of earthquakes. These estimates of 7, are physically reasonable, where y/ = 1.1-1.0 for 7<0.2s correspond to body-wave propagation with some anelastic attenuation, and y/ = 0.6-0.8 for T> 1 s correspond to surfacewave propagation. The "sag" at 0.75 and 1.0 s is more pronounced in the estimates of y, from the second regression. Figure 9 depicts the azimuthal amplification by comparing the response spectral ordinates inferred for a station at (1/r)" 1 = 10 km alongstrike ((cos$) = 0.8) to those inferred for a station at (1/r)" 1 = 10 km on the fault-normal ((cos$} = 0). The separation between the two curves indicates the azimuthal amplification caused by the rupture directivity. The amplification is 2 or more for 0.4<7<4.0 s, and 3 or more for 1.5 < T < 3.0 s. This increase relative to the directivity factors plotted in Figure 6 is derived from the different measures of source-receiver distance: because rAS < (1/r) for stations along the fault strike, the apparent directivity is muted in the SSGA regression.
The directivity is plotted directly in Figure 10 , where the right-hand ordinate indicates the rupture velocity (v//3) and the left-hand ordinate indicates the peak amplification
that is, the amplification for a station with (cos $) = 1. The variation as a function of period is similar to the variation in Figure 6 : the amplification increases with period up to T=3 s and then abruptly decreases for periods T> 3 s.
Iterating the regression in equation (11) until 5(v//?) = 0 yields an apparently period-dependent rupture velocity. We use the term "effective rupture velocity" because it is unclear what aspect of the rupture process varies with period. The directivity observed in the response spectra for the periods 1.5<r<4.0 s corresponds to effective rupture velocities in the range 0.7/? < v < 0.82/?.
Discussion
We begin our discussion by considering Figure 6 , which compares the directivity factors obtained from the first regression (both with and without constraining the attenuation to the results obtained by AS) against the directivity factors obtained by SSGA from their regression of 21 large earthquakes. The three sets of directivity factors share a similar behavior as a function of period, increasing markedly with period for T > 2 s. Although generally within the derived uncertainties, the directivity factors from the Loma Prieta regressions are 20% and 60% larger than those from the SSGA regression. How do we understand this difference?
One possible explanation is that the Loma Prieta earthquake is an anomalous event with stronger directivity than the average earthquake in the set of large events that SSGA regress. The Loma Prieta earthquake caused significant damage in municipalities situated along the fault strike, such as San Francisco, Oakland, and Watsonville. However, the rupture velocities that have been inferred by inverting the radiated waveforms are almost all in the range of 0.75/? < v< 0.85/? (see Beroza (1991) , Steidl and Archuleta (1991) , Wald et al. (1991) , among many others). This range of rupture velocity is seismologically unremarkable, and corroborates the effective rupture velocities obtained in Figure 10 .
The directivities plotted in Figures 6 and 10 suggest another explanation for the discrepancy between our results and those of SSGA. The directivity varies systematically as a function of period, increasing with period to a peak at the period most strongly enhanced by the directivity.
Applying the analysis of Boatwright (1984) to the Loma Prieta earthquake shows that the directivity peak at T -2-3 s corresponds to a halfcycle of velocity with T1/2 = 1.0-1.5 s. The rupture length of L -20 km and the inferred rupture velocity of v = 3 km/s yields a rupture duration of L/v = 6-8 s. In the direction of rupture, directivity foreshortens this duration by a factor of 4-5. Clearly, the period of this peak should vary linearly with the rupture extent along strike from the hypocenter to the stations.
This variation with period occurs not only for earthquakes of different rupture lengths, but also for earthquakes with different rupture extents, that is, earthquakes that are asymmetric but not unilateral. As the rupture becomes more asymmetric, the peaks in the two directions along strike will split in period, broadening the shape and reducing the maximum directivity. Bilateral ruptures like the 1989 Loma Prieta earthquake should have the strongest possible directivity, because the period dependence is the same in both directions along strike.
Conclusions
We have regressed the strong motion recordings of the 1989 Loma Prieta earthquake for site amplification, attenuation, and directivity using two different regressions. These regressions share the same structure, but use different measures of source-receiver distance and directivity: the first emulates the regression of Abrahamson and Silva (1997) , as modified to consider directivity by Somerville et al. (1997) ; the second uses rms measures of distance and directivity. The results from the two regressions are nearly identical for the relative amplifications, differ slightly for the attenuation with distance, and differ only by a small factor for the directivity.
The directivity obtained from these regressions is strongly peaked at periods of 2-3 s, corresponding to twice the pulse width expected along strike from the Loma Prieta earthquake. The peak amplification of Dmax =5.6 in turn corresponds to an effective rupture velocity of v = 0.82/3, well within the range of rupture velocities used by Beroza (1990) and Steidl and Archuleta (1990) in their analysis of the velocity waveforms. The observed azimuthal amplification (along-strike/faultnormal) of 2-3 for periods from 1-4 s is significant for seismic engineering purposes.
Comparing the analyses and results from these two regressions gives some insight into the results obtained by SSGA from their regression of 21 large earthquakes. In particular, the marked dependence of the Loma Prieta directivity on period makes SSGA's assumption that directivity is a fixed function of period appear problematic. It is possible that performing a simultaneous regression of these 21 earthquakes has yielded a somewhat low estimate for the average directivity: a more conservative approach might regress for the directivity associated with each earthquake individually.
Pioneering papers like Somerville et al. (1997) are often greeted with undue criticism and unwarranted revisionism. To first order, our comparisons between the different regression schemes strongly corroborate their results. The largest differences are derived from the different measures of source-receiver distance. Regardless of the difficulties of designing regressions appropriate for multi-event data sets, it is clear that the SSGA paper marks a critical watershed for modeling strong ground motion.
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